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Com
parison
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Purpose:
To

com
pare

cone
m
osaic

m
etrics

derived
from

adaptive
optics

scanning
light

ophthalm
oscopy

(AO
SLO

)im
ages

w
ith

those
derived

from
H
eidelberg

Engineer-
ing

SPEC
TRA

LIS
H
igh

M
agnification

M
odule

(H
M
M
)im

ages.

M
ethods:

Participants
w
ith

contiguous
cone

m
osaics

had
H
M
M

im
aging

perform
ed

at
locations

superior
and

tem
poral

to
the

fovea.These
im

ages
w
ere

registered
and

averaged
offl

ine
and

then
aligned

to
split-detection

AO
SLO

im
ages;200

×
200-μm

regionsofinterestw
ere

extracted
from

both
m
odalities.Conesw

ere
sem

i-autom
atically

identified
by

tw
o
graders

to
provide

estim
ates

ofcone
density

and
spacing.

Results:Thirty
participants

w
ith

contiguous
cone

m
osaics

w
ere

im
aged

(10
m
ales,20

fem
ales;age

range,11–67
years).Im

age
quality

varied,and
80%

of
our

participants
had

analyzable
H
M
M
im

ages.The
intergraderintraclasscorrelation

coeffi
cientsforcone

m
etrics

w
ere

good
forboth

m
odalities

(0.688–0.757
forH

M
M
;0.805–0.836

forAO
SLO

).
Cone

density
estim

ates
from

H
M
M

im
ages

w
ere

low
erby

2661
cones/m

m
2
(24.1%

)on
average

com
pared

to
AO

SLO
-derived

estim
ates.Accordingly,H

M
M

estim
ates

ofcone
spacing

w
ere

increased
on

average
com

pared
to

AO
SLO

.

Conclusions:The
cone

m
osaic

can
be

visualized
in

vivo
using

the
SPEC

TRA
LIS

H
M
M
,

although
im

age
quality

is
variable

and
im

aging
is
not

successfulin
every

individual.
M
etricsextracted

from
H
M
M

im
agescan

differfrom
those

from
AO

SLO
,although

excel-
lentagreem

entis
possible

in
individuals

w
ith

excellentopticalquality
and

precise
co-

registration
betw

een
m
odalities.

TranslationalRelevance:Em
erging

non-adaptive
optics-based

photoreceptorim
aging

ism
ore

clinically
accessible

than
adaptive

opticstechniquesand
haspotentialto

expand
high-resolution

im
aging

in
a
clinicalenvironm

ent.

Introduction

Single-cellresolution
ofthephotoreceptorm

osaicis
routinely

obtained
through

the
use

ofvariousadaptive
optics(A

O
)-based

retinalim
aging

m
odalities. 1–3T

hese
im

agesenable
extraction

ofquantitative
m
etricsofthe

cone
m
osaic 4,5

thatare
com

parable
to

those
obtained

from
histologicalsam

ples. 6–8
Such

im
ages

allow
m
ore

sensitive
assessm

ent
of

pathology
w
hen

com
pared

w
ith

conventionalclinicalm
easuresofretinalstructure

and
function. 9

For
exam

ple,
defects

in
the

photore-
ceptor

m
osaic

have
been

docum
ented

w
ith

adaptive
opticsscanning

lightophthalm
oscopy

(A
O
SLO

),even
in

retinas
w
ith

norm
al

optical
coherence

tom
ogra-

phy
(O

C
T
)findings. 10,11

Sim
ilarly,A

O
SLO

can
detect

diffuse
cone

loss
even

w
hen

visual
acuity

and
sensi-

tivity
rem

ain
w
ithin

norm
al

lim
its. 12

D
espite

the
capabilities

of
A
O
-enhanced

ophthalm
oscopy

and
its

potentialclinicalapplications,high
costs

and
lim

ited
availability

of
im

aging
devices

rem
ain

barriers
to

w
idespread

clinical
use.

A
flood-illum

ination
A
O
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system
(rtx1)

is
com

m
ercially

available
from

Im
agine

E
yes,Inc.(O

rsay,France)and
can

beused
to

quantita-
tively

assess
extrafovealcones 13–22;how

ever,itcannot
resolve

foveal
cones

or
rods

and
is

not
currently

510(k)
cleared

by
the

U
.S.

Food
and

D
rug

A
dm

in-
istration. 16,23

T
hus,

the
m
ajority

of
translational

A
O

im
aging

rem
ains

lim
ited

to
costly

custom
-built

devices.
A

m
iddle

ground
isem

erging,w
ith

low
ercostsand

the
potentialfor

greater
clinicalaccessibility,offering

the
opportunity

to
significantly

expand
the

options
for

high-resolution
im

aging
of

the
cone

m
osaic.

A
lthough

it
has

been
know

n
for

over
tw

o
decades

that
im

ages
of

the
parafoveal

cone
m
osaic

can
be

acquired
w
ithout

A
O

(especially
in

eyes
w
ith

good
optical

quality), 24,25
there

has
been

renew
ed

interest
in

this
approach.

A
num

ber
of

groups
have

used
full-field

or
transverse

O
C
T

im
aging

to
resolve

the
parafoveal

cone
m
osaic, 26,27

w
ith

further
im

prove-
m
ent

resulting
from

careful
correction

of
axial

eye
m
otion. 28,29

In
addition,im

aging
of

the
cone

m
osaic

has
been

dem
onstrated

w
ith

advanced
scanning

laser
ophthalm

oscope
system

s, 30–33
including

one
incorpo-

rated
into

a
handheld

probe. 34
A
m
ong

these
high-

definition
ocularim

aging
devicesthatfunction

w
ithout

A
O

is
the

H
igh

M
agnification

M
odule

(H
M
M
)
for

the
SPE

C
T
R
A
L
IS

system
(H

eidelberg
E
ngineering,

H
eidelberg,G

erm
any),w

hich
is
a
com

m
ercially

avail-
able

lens
and

softw
are

m
odule

that
functions

w
ith

their
standard

clinical
operating

system
.
T
his

near-
infrared

reflectance
m
odality

reveals
m
icrostructures

resem
bling

the
cone

m
osaic

and
has

been
used

to
qualitatively

assess
the

cone
m
osaic

in
m
ultiple

retinal
pathologies. 35–37

Q
uantitativem

etricsofthephotoreceptorm
osaicin

H
M
M

im
agesofindividualsw

ith
norm

alvisualacuity
have

been
consistent

w
ith

reported
A
O

and
histo-

logical
values. 38–40

Follow
ing

initial
reports

suggest-
ing

poor
interobserver

repeatability
of

cone
density

on
the

H
M
M
, 38

there
has

been
an

interest
in

exploring
the

utility
of

autom
ated

algorithm
s

for
cone

identification
in

H
M
M

im
ages. 39,40

O
ur

present
study

utilized
an

established
sem

i-autom
ated

cone-
identification

algorithm
across

both
m
odalities;

the
prim

ary
purpose

w
as

to
com

pare
quantitative

m
etrics

betw
een

A
O
SLO

and
H
M
M

in
the

sam
e
individuals.

M
ethods

Participants

T
hisstudy

w
asapproved

by
the

institutionalreview
board

(IR
B
)

at
the

M
edical

C
ollege

of
W
iscon-

sin
(PR

O
00030741)

and
conform

ed
to

the
tenets

of
the

D
eclaration

of
H
elsinki.

W
ritten

inform
ed

consent
w
as

obtained
from

all
participants

prior
to

participation.
W
e

included
27

individuals
w
ith

norm
al

vision
and

three
individuals

diagnosed
w
ith

oculocutaneous
albinism

;
tw

o
previously

reported
siblings

(JC
_0492

and
JC

_0493)
w
ith

tw
o
pathogenic

m
utationsin

T
Y
R
—

c.1147G
>
A

(p.383A
sp

>
A
sn)and

c.1217C
>
T

(p.406Pro
>
L
eu) 41;

and
one

(JC
_12277)

w
ho

had
m
ultiplealbinism

-related
sequencevariants—

O
C
A
2,

c.1327G
>
A

(p.Val443Ile);
T
Y
R
,
c823G

>
T

(p.Val275Phe);
and

T
Y
R
,
c.575C

>
A

(p.Ser192Tyr).
T
he

average
age±

SD
of

participants
w
as

29±
13.1

years,w
ith

a
range

of
11

to
67

years.T
here

w
ere

10
m
alesand

20
fem

ales.A
llparticipantshad

axiallength
m
easurem

entsacquired
w
ith

an
IO

L
M
aster(C

arlZ
eiss

M
editec,D

ublin,C
A
)atthetim

eofim
aging

forsubse-
quent

scaling
of

im
ages.

H
M
M

im
aging

w
as

carried
out

during
the

sam
e
visit

as
A
O
SLO

im
aging

for
17

participants;the
rem

aining
13

participantshad
H
M
M

im
aging

perform
ed

betw
een

6
m
onths

before
and

18
m
onthsaftertheirA

O
SLO

im
aging.

H
M
M

Im
age

A
cquisition

and
Processing

H
M
M

near-infrared
reflectance

retinalim
agesw

ere
acquired

using
the

H
eidelberg

SPE
C
T
R
A
L
IS

confo-
calscanning

laser
ophthalm

oscopy
system

(including
H
eidelberg

H
R
A
SPE

C
T
R
A
L
IS

hardw
areand

H
eidel-

berg
E
yeE

xplorer1.10.4.0
softw

are).Participantsw
ere

im
aged

w
ith

undilated
pupils.U

se
of

a
light

directed
tow

ard
the

fellow
eye

induced
the

consensual
pupil-

lary
reflex

and
enhanced

pupil
constriction,

im
prov-

ing
im

age
quality

in
three

individuals;how
ever,in

the
rem

ainder
this

approach
did

not
perceptibly

im
pact

im
age

quality.A
lthough

im
aging

w
ith

corrective
lenses

has
been

reported
to

im
prove

im
age

quality
(B
artsch

D
U
G
,et

al.
IO

V
S.2021;62:A

RV
O

E
-A

bstract
24), 37

w
e
did

not
use

this
technique

in
order

to
m
inim

ize
the

introduction
of

alterationsin
retinalm

agnification
(and

thus
im

age
scale). 42

See
Supplem

entary
F
igure

S1
for

dem
onstration

of
scale

change
w
ith

refrac-
tive

correction.
E
ach

subject
had

one
eye

im
aged

at
tw

o
locations,

one
superior

and
one

tem
poral

to
the

fovea,
using

the
device’s

internal
fixation

target
(F
ig.1).T

hehigh-speed
setting,w

hich
obtained

im
ages

at
8.8

fram
es

per
second,

w
as

chosen
over

the
high-

resolution
m
ode,

w
hich

captures
im

ages
at

a
rate

of
4.7

fram
espersecond,w

ith
theintention

ofm
inim

izing
im

age
distortions 43acrossindividualsw

ith
varying

eye
m
ovem

ents.
T
he

sensitivity
and

focus
w
ere

m
anually

adjusted
to

subjectively
optim

ize
visualization

of
the

photoreceptors.

D
ow

nloaded from
 tvst.arvojournals.org on 09/14/2022
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Figure
1.

A
30°

near-infrared
reflectance

im
age

of
a
23-year-old

m
ale

participant.
The

8°
H
M
M

im
ages

at
superior

and
tem

poral
locations

are
outlined

in
w
hite.W

ithin
each

H
M
M

im
age,a

200×
200-μm

region
ofinterestisindicated

by
a
filled-in

w
hitesquare.Scale

bar:5°.

T
he

num
ber

of
im

ages
captured

at
each

location
varied

depending
on

the
ease

of
visualization

of
the

photoreceptorsand
the

hom
ogeneity

of
im

age
quality

across
the

8°
field

of
view.T

he
A
utom

atic
R
eal-T

im
e

Tracking
(A

R
T
)m

ode
w
asused

foreach
im

age,w
here

each
individualim

age
captured

w
as

an
average

of
15

fram
es.

A
veraging

of
a
greater

num
ber

of
fram

es
in

A
R
T

m
ode

led
to

increased
blur

due
to

accum
ulat-

ing
registration

errors,
especially

in
individuals

w
ith

greater
m
ovem

ent
due

to
age

or
nystagm

us.
A
cross

allparticipants,betw
een

five
and

50
averaged

im
ages

w
ere

collected
at

each
location

im
aged

(average
=

14.9).
H
igher

num
bers

of
im

ages
w
ere

collected
in

individualsw
ith

poorervisualization
of

structuresand
less

uniform
im

age
quality

to
allow

for
later

offl
ine

registration.B
efore

exporting
from

the
device,H

eidel-
berg

E
ye

E
xplorer

1.10.4.0
w
as

used
to

adjust
the

brightness
and

contrast
of

each
im

age
to

optim
ize

photoreceptor
visualization.T

he
H
M
M

im
ages

from
each

location
w
ithin

a
subjectw

ere
then

aligned
using

an
affi

ne
registration

m
odel

(i2k
R
etina;

D
ualA

lign
L
LC

,C
lifton

Park,N
Y
).F

inally,the
aligned

im
ages

w
ere

review
ed

by
one

grader
(N

W
),

and
im

ages
w
ith

low
contrast

of
reflective

structures
and/or

less
uniform

im
age

quality
w
ere

rem
oved,w

ith
the

rem
ain-

ing
im

agesaveraged
using

theIm
ageJZ

-projectplugin
(F
ig.2). 44

A
O
SLO

Im
age

A
cquisition

and
Processing

T
hirteen

participantshad
A
O
SLO

im
agesacquired

prospectively
during

the
sam

e
visitasH

M
M
.A

O
SLO

im
agesnotcollected

atthetim
eofH

M
M

im
aging

w
ere

accessed
from

an
IR

B
-approved

im
age

bank
housed

at
the

M
edical

C
ollege

of
W
isconsin

(PR
O

30741).
Foreach

A
O
SLO

im
aging

session,the
subject’scranial

m
ovem

ent
w
as

m
inim

ized
using

a
dental

im
pression

on
a
bite

bar.
Im

ages
w
ere

sim
ultaneously

collected
using

the
confocal

and
non-confocal

(split
detec-

tion)
m
odalities

of
the

system
.
F
ields

of
view

used
for

im
aging

ranged
from

1°
to

1.5°,
extending

from
the

fovea
at

0.5°
intervals

to
capture

a
contiguous

tem
poral

and
superior

strip
extending

out
to

10°
to

12°
eccentricity.

Im
aging

light
of

775-nm
or

790-nm
w
avelength

w
as

used
to

acquire
sequences

of
150

to
250

fram
es

at
each

location.Individuals
w
ith

nystag-
m
us

and
other

factors
com

prom
ising

im
age

quality
had

m
ore

fram
es

collected,
w
hereas

few
er

fram
es

w
ere

suffi
cient

for
those

w
ith

stable
fixation

and
good

im
age

quality.T
he

raw
fram

es
from

each
im

age
sequence

w
ere

corrected
forsinusoidaldistortionsand

strip-registered
to

an
autom

atically
selected

reference
fram

e
as

previously
described. 45,46

B
etw

een
50

and
80

fram
es

w
ere

then
averaged

to
produce

a
single

im
agew

ith
a
high

signal-to-noiseratio.A
sw

ith
num

ber
of

fram
es

collected,
the

num
ber

of
fram

es
averaged

depended
on

the
signal-to-noise

ratio
in

the
respec-

tive
im

ages.F
urther

distortion
w
as

rem
oved

from
the

resultant
T
IF

F
im

age
using

“de-w
arping”

softw
are

(https://github.com
/O

C
V
L
/E
ye-M

otion-R
epair).

T
his

softw
are

w
orks

by
calculating

the
m
edian

(x,y)
shift

observed
ateach

row
of

the
registered

im
age

from
the

registration
shift

in
each

fram
e
contributing

to
that

im
age;it

then
“de-w

arps”
the

registered
im

age
using

thesem
edian

shifts,assum
ing

random
eyem

ovem
ent. 47

T
he

spatially
co-registered

confocal
and

split
detec-

tion
im

ages
w
ere

sem
i-autom

atically
m
ontaged

using
a
m
ultim

odalm
ontaging

algorithm
,and

im
ages

from
different

fields
of

view
w
ere

resam
pled

to
a
com

m
on

scale
using

Photoshop
C
S6

(A
dobe,San

Jose,C
A
). 48

Scale
Calculation

IO
L
M
aster

m
easurem

ents
of

axial
length

w
ere

taken
at

the
tim

e
of

im
aging

w
ith

each
device,

and
contem

poraneous
m
easurem

ents
to

each
im

aging
session

w
ere

used
for

calculations.
T
he

H
M
M

linear
scale

(μm
/pixel)w

asestim
ated

according
to

the
follow

-
ing

equation:H
M
M

Scale=
θIs R

M
F (

A
L24 )
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Figure
2.

Com
parison

ofraw
H
M
M

im
age

quality
w
ith

averaging
and

postprocessing.Im
ages

ofthe
sam

e
tem

poralRO
Iin

a
31-year-old

m
ale

participantw
ith

norm
alvision:(A

)single
fram

e;(B)real-tim
e
averaging

of15
fram

es
using

the
A
RT

m
ode

on
the

SPEC
TRA

LIS
device;

and
(C)extra

offl
ine

averaging
ofsix

A
RT

averaged
im

ages.A
400-μm

region
ishighlighted

in
each

im
age,w

ith
a
zoom

ed-in
view

ofthe
sam

e
region

in
the

bottom
leftofeach

panel.Scale
bar:700

μm
.See

Supplem
entary

Video
S1

foroverlaid
im

ages.

w
here

θ
represents

the
scan

size
of

the
H
M
M

im
age

(degrees),
Is

represents
the

num
ber

of
pixels

in
the

raw
H
M
M

im
age,R

M
F
representstheassum

ed
retinal

m
agnification

factor
(291

μm
/deg)

of
an

eye
w
ith

a
24.0-m

m
axiallength, 49

and
A
L
is
the

axiallength
of

the
subject

(m
m
).

T
he

linear
scale

(μm
/pixel)

of
the

A
O
SLO

im
agesfora

given
eye

w
asestim

ated
by

using
the

follow
ing

equation:

A
O
SLO

Scale=
Tf1 T

s (
180π

)
R
M
F (

A
L24 )

w
here

T
represents

the
periodicity

of
a
R
onchiruling

(μm
/cycles),f1 representsthe

focallength
of

the
m
odel

eye
in

our
system

(μm
),

T
s
represents

the
sam

pling
period

ofthelinesin
them

odeleyeim
ageoftheR

onchi
ruling

(pixels/cycle),
R
M
F

represents
the

assum
ed

retinal
m
agnification

factor
(291

μm
/deg)

of
an

eye
w
ith

a
24.0-m

m
axial

length, 49
and

A
L

is
the

axial
length

of
the

subject(m
m
).

A
O
SLO

and
H
M
M

Im
age

A
nalysis

G
iven

the
non-uniform

appearance
of

the
photore-

ceptor
m
osaic

in
H
M
M

im
ages,both

m
odalities

w
ere

exam
ined

to
identify

areasofoverlapping
high-quality

structural
im

ages.
W
e
then

used
M
osaic

A
nalytics 5

(TranslationalIm
aging

Innovations;H
ickory,N

C
)
to

extracta
200×

200-μm
region

of
interest(R

O
I)from

the
A
O
SLO

im
age

in
an

area
of

overlap
w
ith

the
H
M
M

im
age.A

n
im

age
of

the
overlaid

R
O
I
m
arker

on
the

confocalA
O
SLO

m
ontage

w
as

coarsely
scaled

and
aligned

to
the

corresponding
H
M
M

im
age.T

his
approxim

atem
arkerw

asthen
used

to
position

theR
O
I

w
ithin

the
H
M
M

im
age

in
M
osaic

A
nalytics,

ensur-
ing

co-localization
of

the
R
O
Is

betw
een

the
m
odali-

ties.C
onfocalA

O
SLO

w
as

used
for

alignm
ent

for
its

sim
ilarcontrastof

large
vascularstructuresto

H
M
M
,

w
hereas

split-detection
A
O
SLO

R
O
Is

w
ere

extracted
forunam

biguouscone
identification.

R
O
Is

w
ere

m
asked

and
cones

w
ere

sem
i-

autom
atically

identified
in

allR
O
Isby

tw
o
independent

graders(N
W
,JC

)using
M
osaicA

nalytics. 5B
ound

cone
density,nearest

neighbor
distance

(N
N
D
),and

inter-
celldistance

(IC
D
)w

ere
calculated

from
the

respective
coordinates

for
each

R
O
I
using

a
custom

M
A
T
L
A
B

script(M
athW

orks,N
atick,M

A
). 5

StatisticalA
nalysis

B
ased

on
the

average
cone

density
±

SD
at

6°
eccentricity,15,528±

1808
cones/m

m
2
(derived

from
available

A
O

literature 5,15),
and

a
sam

ple
size

of
48

analyzable
R
O
Is,

this
study

w
as

pow
ered

to
detect

a
density

difference
of

6.75%
betw

een
devices.

T
his

effect
size

w
as

chosen
based

on
previous

reports
of

estim
ates

of
cone

m
etric

repeatability
from

A
O
SLO

im
agesof2%

to
10%

(underchanging
conditionsofthe

observer,im
aging

and
sam

pling
protocols,and

im
aging

session). 50–52
Intraclasscorrelation

coeffi
cients(IC

C
s)ofinterob-

server
density

N
N
D

and
IC

D
m
easurem

ents
for

both
A
O
SLO

and
H
M
M

m
odalities

w
ere

calculated
using

the
R
Studio

1.3.1093
IC

C
est

function
from

the
IC

C
package

version
2.3.0

(R
Foundation

for
Statistical

C
om

puting,
V
ienna,

A
ustria).

B
land–A

ltm
an

analy-
ses

w
ere

conducted
using

E
xcel(M

icrosoft
C
orpora-

tion,
R
edm

ond,
W
A
)
to

com
pare

both
interobserver

and
inter-m

ethod
differences. 53

In
order

to
exam

ine
foran

effectof
the

tim
e
betw

een
im

aging
sessionsand

retinaleccentricity
on

estim
ates,linearregressionsw

ere
perform

ed
using

Prism
9.0.0

(G
raphPad

Softw
are,San

D
iego,C

A
)to

com
pare

the
difference

in
average

cone

D
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m
etricsbetw

een
m
odalitiesto

thetim
eelapsed

betw
een

im
aging

sessions
(m

onths)
and

retinal
eccentricities

(degrees).

Results

O
f30

participantsw
ith

contiguousm
osaicsim

aged
on

H
M
M

and
A
O
SLO

,
24

had
analyzable

H
M
M

im
ages,representing

an
80%

success
rate.A

com
bina-

tion
of

factors
contributed

to
failure

in
the

six
partic-

ipants
w
ith

unanalyzable
im

ages:
refractive

errors,
young

age
prohibiting

collection
of

suffi
cient

im
ages,

poorfixation,and
nystagm

us.T
he

average±
SD

axial
length

of
participants

w
as

24.31
±

1.31
m
m
,
w
ith

a
range

of
21.37

to
27.34

m
m
.
Im

age
quality

varied
across

participants,
betw

een
superior

and
tem

poral
locations

in
the

sam
e
individuals

and
across

regions
w
ithin

individual
8°

H
M
M

im
ages

(F
ig.

3).
V
isual-

ization
of

the
photoreceptor

m
osaic

w
as

notuniform
across

the
entire

field
of

view
for

any
participant.A

com
m
on

feature
observed

to
varying

degrees
during

H
M
M

im
aging

of
all

participants
w
as

an
inter-

m
ittent

central,
hyperreflective

optical
artifact

that
partially

obscured
the

view
of

underlying
photorecep-

tors.
T
his

artifact
has

been
reported

previously
37–39

and
is
attributed

by
the

H
eidelberg

operating
m
anual

to
reflections

from
the

internalopticalsurfaces
of

the

H
M
M

lens.T
he

intensity
ofthisartifacton

the
im

ages
could

be
m
inim

ized
by

m
anipulating

the
z-position

(w
orking

distance),
sensitivity,

and
use

of
artificial

tears,although
it
w
as

stillpresent
even

after
process-

ing
in

47.9%
of

H
M
M

im
ages.Im

agesfrom
allpartic-

ipants
w
ith

analyzable
im

ages,although
not

equalin
quality,w

ere
included

for
analysis.For

superior
R
O
Is,

the
average±

SD
eccentricity

w
as

6.7°±
1.6°

w
ith

a
range

of
3.0°

to
10.0°;for

tem
poralR

O
Is,the

average
eccentricity±

SD
w
as5.7°±

1.7°,w
ith

a
range

of2.9°
to

9.1°.
For

the
H
M
M

im
ages,

the
intergrader

IC
C

for
cone

density
estim

ates
w
as

0.739
(95%

confidence
interval[C

I],0.611–0.868),N
N
D

w
as

0.688
(95%

C
I,

0.538–0.838),
and

IC
D

w
as

0.757
(95%

C
I,

0.636–
0.878).

In
A
O
SLO

im
ages,

these
values

w
ere

0.836
(95%

C
I,0.750–0.921),0.805

(95%
C
I,0.705–0.905),

and
0.835

(95%
C
I,

0.748–0.921),
respectively.

Inter-
observer

B
land–A

ltm
an

analysis
show

ed
a
m
ean

bias
betw

een
observers

one
and

tw
o

of
587

cones/m
m

2

for
cell

density,
0.25

μm
for

N
N
D
,
and

0.22
μm

for
IC

D
on

A
O
SLO

im
ages;for

H
M
M

im
ages,the

m
ean

biasesw
ereslightly

largerat614
cones/m

m
2fordensity,

0.34
μm

for
N
N
D
,and

0.33
μm

for
IC

D
(F
ig.4).T

he
average

value
from

the
tw

o
observers

w
as

used
for

subsequentanalyses.
A
veraged

bound
cone

density
m
easurem

ents
on

A
O
SLO

ranged
from

8691
to

18,798
cones/m

m
2,w

ith

Figure
3.

D
em

onstrating
variable

photoreceptorstructure
visibility

across
H
M
M

im
ages.H

M
M

im
ages

ofa
30-year-old

m
ale

participant
w
ith

norm
alvision:(A

)H
M
M

im
age

dem
onstrating

a
7°field

ofview
ofthe

superiorretina.Scale
bar:1°.(B)Region

w
ith

poorvisibility
of

photoreceptorstructure
from

w
ithin

this
im

age.(C)Region
ofparticularly

good
visibility

ofphotoreceptorstructure
from

w
ithin

the
sam

e
im

age.The
locations

ofthese
200×

200-μm
regions

are
outlined

in
panelA

.
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Figure 4. Bland–Altman plots of bound cone density, NND, and ICD for observer 1 and observer 2 on non-confocal AOSLO and HMM. Solid
lines indicate the mean biases; dashed lines indicate the upper and lower limits of agreement. The shaded areas surrounding these lines
indicate the 95% confidence intervals for these values.

a mean of 12,375 cones/mm2; for HMM imaging, the
range of averages was 6741 to 13,530 cones/mm2, with
a mean of 9713 cones/mm2. Averaged NND measure-
ments for AOSLO ranged from 5.97 to 8.86 μm with
a mean of 7.56 μm; average NND measurements from
HMMimages ranged from 7.05 to 9.86 μmwith amean
of 8.45 μm. Averaged ICD measurements on AOSLO

ranged from 8.02 to 11.81 μmwith amean of 10.04 μm.
The same measurements on HMM ranged from 9.51
to 13.42 μm with a mean of 11.27 μm. Bland–Altman
analysis of inter-device differences showed a mean bias
of 2661 cones/mm2 for density estimates, –0.89 μm for
NND, and –1.23 μm for ICD between AOSLO and
HMM (Fig. 5).
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Figure 5. Bland–Altman plots demonstrating inter-device agree-
ment (AOSLO andHMM). Solid lines indicate themeanbiases; dashed
lines indicate the upper and lower limits of agreement. The shaded
areas surrounding these lines indicate the 95% confidence intervals
for these values.

Discussion

Although AOSLO devices remain expensive and
have limited availability, commercially available devices
such as the HMM have a role in contributing to our
understanding of the photoreceptor mosaic in larger
populations. This study aimed to assist in interpreting
the results of quantitative studies onHMM,with refer-
ence to split-detection AOSLO, the gold standard for
unambiguous cone identification outside the fovea. We
found that, on average, the HMM underestimates cone
density and overestimates cone spacing compared to
AOSLO.

One of the most notable advantages of the HMM
over AOSLO is the ease of image acquisition, although
the reported success rates of HMM imaging are
variable. Among the publications that have done so,
figures range from 45% to 75% (Bartsch DUG, et al.
IOVS. 2021;62:ARVO E-Abstract 24),37,38 lower than
our success rate of 80%. Although this may be due
to inclusion of a greater number of participants with
disease in one study,37 even among participants with
normal vision our success rate was higher. This may
have been due to our use of one operator through-
out (NW), which allowed for development of acquisi-
tion skills across the range of participant findings. The
use of the high-speed modality and additional offline
averaging combined with a lower number of ART
frames is also likely to have contributed to the success
rate. Although the high-resolution mode is likely to
result in improved image quality for individuals with
normal fixation and excellent ability to cooperate with
the requirements of imaging, in our mixed cohort
with and without retinal dysfunction (and nystagmus)
we used the high-speed mode across all subjects to
ensure that a good dataset was achievable for all. We
believe this contributed to our higher success rate;
however, our use of high-resolution mode may have
resulted in a higher or lower success rate, and in the
clinic the appropriate mode for each patient may be
selected on a case-by-case basis. Acquisition of a higher
number of images in individuals with poorer quality
images likely increased the success rate compared to
studies in which a fixed number of images (or even
just a single image) was reported to be captured at
each location. Nonetheless, all imaging was performed
without refractive correction, which is proposed to
further enhance image quality on HMM. However, the
impact of refractive correction on image scale would
be critical to confirm to ensure the accuracy of the
quantitative metrics.42 As we avoid the use of refractive
correction with our AOSLO imaging, we felt it impor-
tant not to introduce additional scaling differences in
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Figure
6.

Inter-device
im

age
alignm

ent.Im
agesfrom

one
23-year-old

participantw
ith

norm
alvision

dem
onstrate

the
cone-for-cone

align-
m
entpossible

w
ith

carefulcustom
transform

ation:(A
)confocalAO

SLO
;(B)H

M
M
;and

(C)split-detection
AO

SLO
.M

atching
individualcones

are
highlighted

across
allthree

im
ages.Scale

bar:50
μm

.See
Supplem

entary
Video

S2
foroverlaid

im
ages.

ourH
M
M

im
agesthatw

erenotpresentin
theA

O
SLO

im
ages.
W
e
found

density
estim

ates
of

the
sam

e
retinal

location
to

be
low

eron
H
M
M

im
agesw

hen
com

pared
to

nonconfocal
A
O
SLO

.
O
ne

potential
explanation

for
this

is
the

approxim
ate

alignm
ent

m
ethod

used.
G
arrioch

etal. 50show
ed

thatexactalignm
entof

R
O
Is

in
A
O
SLO

studies
im

proved
the

reliability
of

both
density

and
spacing

m
etrics

of
the

cone
m
osaic.T

his
w
as

not
possible

for
m
ost

R
O
Is,

given
the

different
overallappearance

of
the

m
osaic

in
the

tw
o
m
odali-

ties.H
ow

ever,ourapproach
to

co-localization
ofR

O
Is

betw
een

m
odalities

using
large

anatom
icallandm

arks
such

as
vessels

prevented
large

m
isalignm

entof
R
O
Is.

A
lthough

cone
packing

density
changesrapidly

w
ithin

the
central

1°
to

2°,
w
e
constrained

our
analysis

to
regions

w
here

cone
density

is
m
ore

uniform
;
thus,

sm
allshifts

in
R
O
I
placem

ent
betw

een
m
odalities

are
unlikely

to
accountfor

allof
the

observed
differences

in
density.

Support
for

this
is

found
in

an
analysis

of
one

subjectw
ho

had
few

higher
order

aberrations,
resulting

in
H
M
M

im
age

quality
that

w
as

suffi
cient

to
facilitate

an
exactcone-for-cone

alignm
entbetw

een
m
odalitiesusing

m
anualtransform

ationsin
Photoshop

(F
ig.

6).
T
he

theoretical
H
M
M

scale
(as

calculated
above)

w
as

found
to

be
w
ithin

0.3%
of

the
A
O
SLO

scale
in

this
R
O
I.T

he
bound

density
(averaged

from
both

graders)on
A
O
SLO

w
as

11,706
cones/m

m
2,and

on
H
M
M

itw
as11,318

cones/m
m

2.T
heaverageN

N
D
s

w
ere

7.74
μm

and
7.71

μm
and

the
average

IC
D
s
w
ere

10.17
μm

and
10.37

μm
on

A
O
SLO

and
H
M
M
,respec-

tively.
A
dditional

explanations
for

the
different

cone
m
osaic

m
etricsobserved

betw
een

the
devicesacrossall

subjects
could

be
errors

in
deriving

the
im

age
scale

in
either

m
odality.In

H
M
M

im
ages,scaling

errors
m
ay

becontributed
to

by
greaterim

agedistortionsaccount-
ing

forpoorerresolution
oftheconem

osaicin
subjects

w
ith

m
ore

typicalim
age

quality.L
ow

er
resolution

on

the
H
M
M

m
ay

also
lead

to
the

appearance
of

neigh-
boring

conesasa
single

cone
in

these
H
M
M

im
agesof

m
ore

typicalquality.
T
he

know
n
short-term

variation
in

cone
reflectivity

m
ay

interfere
w
ith

their
visibility

on
H
M
M

im
aging.

G
iven

the
dependence

of
H
M
M

im
age

quality
on

w
hole-fram

e
averaging

achieved
w
ith

the
A
R
T
m
ode,

significantshort-term
changesin

thereflectivity
ofone

conein
relation

to
itsneighborsacrossfram

escould
be

contributing
to

registration
errors

and
poorer

distinc-
tion

of
adjacentstructures.Selection

of
raw

fram
es

in
w
hich

varying
cone

intensity
is
seen

through
postpro-

cessing
and

the
use

ofa
m
axim

um
-intensity

projection
instead

of
averaging

m
ay

help
to

com
batthis,butthis

approach
w
asnotexplored

aspartofthecurrentstudy.
O
ne

previously
published

study
directly

com
par-

ing
densities

betw
een

confocal
A
O
SLO

and
H
M
M

reported
photoreceptor

densities
using

the
H
M
M

w
ithin

10%
of

densities
in

the
sam

e
region

w
ith

confocal
A
O
SLO

(B
artsch

D
U
G
,

et
al.

IO
V
S.

2021;62:A
RV

O
E
-A

bstract
24).

O
ur

data
show

an
average

underestim
ation

on
H
M
M

of
24%

com
pared

to
nonconfocalA

O
SLO

,w
ith

a
range

of
97%

under-
estim

ation
to

8%
overestim

ation.T
he

previous
study

did
not

report
the

range
of

eccentricities
from

w
hich

the
A
O
SLO

and
H
M
M

densities
w
ere

com
pared,

but
data

presented
here

cover
3.0°

to
10.0°

eccen-
tricity

superiorly
and

2.9°
to

9.1°
tem

porally.
T
here

w
ere

statistically
significant

associations
betw

een
the

difference
in

density
estim

ate
and

eccentricity
(P

<
0.0001),the

difference
in

N
N
D

and
eccentricity

(P
=

0.0010),
and

the
difference

in
IC

D
and

eccen-
tricity

(P
=

0.0002);although
these

associations
w
ere

w
eak

(r 2=
0.40,0.21,and

0.26,respectively),higher
eccentricities

w
ere

associated
w
ith

greater
agreem

ent.
T
he

deviation
from

previously
reported

figures
likely

reflects
a
different

range
of

eccentricities
and

there-
fore

a
greater

range
of

densities
included,

although

D
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it
also

supports
the

idea
that

sm
allm

isalignm
ents

in
these

higher
density

areas
m
ay

have
contributed

to
the

greater
disagreem

ent
betw

een
m
odalities,

as
the

cone-for-cone
alignm

entdem
onstrated

in
F
igure

6
w
as

notpossible
acrossallsubjects.

O
ur

data
show

higher
average

intergrader
agree-

m
ent

on
nonconfocal

A
O
SLO

than
H
M
M

im
ages,

although
confidence

intervals
overlap.

T
his

m
ay

be
explained

by
the

principles
underlying

split-detection
and

H
M
M

im
aging

m
odalities.

H
M
M

im
aging

has
a

sim
ilar

appearance
to

confocal
A
O
SLO

,
w
hich

depends
on

the
w
aveguiding

of
the

photoreceptor.In
the

parafovea,
larger

cones
have

less
uniform

inten-
sity

profiles
caused

by
passing

of
higher

w
aveguide

m
odes, 54

w
hich

can
m
ake

them
m
ore

challenging
to

distinguish
from

the
surrounding

rods. 55
In

contrast,
split-detection

im
agesarenotthoughtto

rely
on

w
aveg-

uiding,assplit-detection
im

aging
in

patientsw
ith

non-
w
aveguiding

cones
revealinner

segm
entstructures. 8,56

T
his

accounts
for

know
n
superior

intergrader
agree-

m
ent

in
split-detection

than
confocalA

O
SLO

im
ages

outside
the

m
acula. 8,52

It
is

w
orth

considering
that

our
intergrader

IC
C
s
are

low
er

than
those

reported
by

C
unefare

et
al., 57

w
hich

m
ay

be
explained

by
the

factthat85%
of

im
ages

included
in

the
currentstudy

w
erecaptured

at1.5°field
ofview,com

pared
to

im
ages

exclusively
captured

at1°by
C
unefare

etal.O
urinter-

graderIC
C
forconedensity

on
H
M
M

w
asm

uch
higher

than
that

previously
reported

by
M
endonça

et
al. 38

T
heir

low
IC

C
of

0.22
is

likely
to

be
secondary

to
differing

internal
rules

for
cone

identification.
N
aïve

graders
of

retinal
im

ages
w
ith

single-cell
resolution

have
been

show
n
to

have
m
easurably

low
errepeatabil-

ity
55;thus,the

priorexperience
of

both
of

ourgraders
w
ith

analyzing
confocal

A
O
SLO

im
ages

is
likely

to
have

contributed
to

our
higher

IC
C

of
0.739

(95%
C
I,0.611–0.868).A

lthough
IC

C
valuescom

parable
to

ours
w
ith

overlapping
95%

confidence
intervals

have
been

reported
in

studies
w
ith

graders
inexperienced

w
ith

A
O
SLO

im
aging

(0.891
(95%

C
I,

0.696–0.952),
thesevaluesw

erebased
on

raw
conecountsratherthan

bound
cone

density,asexam
ined

in
ourstudy. 39Inter-

estingly,the
intergrader

IC
C

of
our

raw
cone

counts
w
as

higher
at0.921

(95%
C
I,0.861–0.983),indicating

interobservervariability
in

identification
of

cellsatthe
edge

of
an

R
O
I.

T
here

w
ere

som
e
lim

itations
to

this
study.F

irstly,
w
eonly

exam
ined

individualsw
ith

contiguousm
osaics.

T
he

topography
of

the
cone

m
osaic

and
the

appear-
ance

of
individual

photoreceptors
can

vary
w
idely

in
confocal

A
O
SLO

im
ages

of
patients

w
ith

retinal
degenerative

conditions, 58–66
and

sim
ilar

variability
w
ould

be
expected

in
H
M
M

im
ages.

In
conditions

w
here

cone
w
aveguiding

is
im

paired, 66–68
unam

bigu-
ous

identification
of

cones
in

H
M
M

im
ages

w
ould

be

m
ore

challenging.
In

other
cases

w
here

there
is

only
decreased

density
of

rem
nantcones,resolution

on
the

H
M
M

im
ages

m
ight

be
easier

and
could

show
better

agreem
ent

w
ith

A
O
SLO

-based
m
easures.

A
dditional

studies
including

individuals
w
ith

a
range

of
retinal

diseasesw
illberequired

to
understand

therelationship
betw

een
photoreceptorm

etricsforA
O
SLO

and
H
M
M

in
the

diseased
retina.

A
nother

consideration
is

that
som

e
participants

had
H
M
M

im
aging

perform
ed

up
to

18
m
onthsafterA

O
SLO

,although
w
e
w
ould

expect
little

change
in

cone
structure

over
this

tim
e
fram

e. 69
A
ccordingly,linear

regression
revealed

no
association

betw
een

the
tim

e
elapsed

betw
een

im
aging

m
odalities

and
the

difference
in

cone
density

(r 2=
0.003;

P
=

0.72),
N
N
D

(r 2=
0.002;

P
=

0.78),
or

IC
D

(r 2=
0.002;

P
=

0.77).
T
hus,

although
w
e
w
ould

ideally
w
ant

the
H
M
M

and
A
O
SLO

im
ages

to
be

collected
on

the
sam

e
day

in
allparticipants,this

difference
is

unlikely
to

accountfor
the

low
er

estim
ates

of
density

on
H
M
M

in
our

participants.
F
inally,

the
offl

ine
averaging

step
w
e
utilized

in
the

processing
of

H
M
M

im
ages

enhanced
the

resolvability
of

the
individual

photoreceptors
(F
ig.

2).
T
his

processing
w
as

not
as

tim
e
consum

ing
and

labor
intensive

as
the

processing
required

for
A
O
SLO

im
ages

and
w
as

undertaken
in

an
effortto

m
axim

ize
the

quality
of

H
M
M

im
agesfor

com
parison

to
A
O
SLO

.For
individuals

w
ith

excellent
opticalquality

and
m
inim

alaberrations,thisaveraging
step

m
ay

notbenecessary
to

extractreasonable,analyz-
able

im
agesof

the
m
osaic;how

ever,itm
ay

be
required

to
extractusefulquantitativeinform

ation
in

thosew
ith

suboptim
alim

age
quality.

D
espite

these
lim

itations
to

quantitative
assess-

m
ent

of
the

photoreceptor
m
osaic

w
ith

the
H
M
M

im
aging

system
,itscom

m
ercialavailability

hasgreatly
expanded

the
ability

for
clinicians

to
non-invasively

im
agethehum

an
retina

w
ith

cellularresolution.A
sthe

resolution
oftheH

M
M

differsfrom
thatachieved

w
ith

m
ore

com
plex

and
expensive

A
O
-based

devices,direct
com

parison
betw

een
these

m
odalities

is
needed

to
define

the
capabilities

of
the

H
M
M

in
various

clinical
populations.W

e
have

show
n
thatcone

density
islow

er
and

spacing
estim

atesare
greateron

H
M
M

com
pared

to
nonconfocalA

O
SLO

.T
here

are
know

n
differences

in
cone

m
etrics

w
hen

using
confocal

A
O
SLO

versus
nonconfocal

A
O
SLO

, 52,55
so

it
w
ould

be
interest-

ing
to

equip
the

SPE
C
T
R
A
L
IS

H
M
M

w
ith

a
split-

detection
channel

to
isolate

the
contribution

of
the

device
in

future
studies.

A
lthough

clinical
popula-

tions
com

m
only

have
such

higher
order

aberrations,
w
hich

w
ould

likely
result

in
lim

ited
resolution

of
higher

density
regions,

H
M
M

m
ay

still
prove

useful
for

gauging
photoreceptor

num
erosity

in
m
ore

eccen-
tric

locations
w
ithin

contiguous
m
osaics.

W
ith

an
understanding

of
the

tendency
of

H
M
M

im
ages

to

D
ow

nloaded from
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underestim
ate

density
by

com
parison

to
nonconfocal

A
O
SLO

,itm
ay

becom
e
a
com

plem
entary

toolto
help

screen
patients

in
clinical

settings
to

be
referred

for
m
ore

extensive
A
O
-based

im
aging.
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